We present a continuous-wave light source based on four-wave mixing and first-and second-order stimulated Raman scattering in a 9 km dispersion-shifted optical fiber. The source operates at 1664.7 nm with a 1.7 nm linewidth and a power up to 371 mW. Applications could be found in spectroscopy.
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The optical fiber is an ideal medium for manifesting nonlinear effects as a result of tight spatial confinement of light over long distances. Recent advances in cw, high-power fiber sources and optical fiber design have enabled nonlinearity-based fiber devices to become a viable technology, worthy of a wide range of applications. A number of coherent nonlinearity-based fiber sources have been demonstrated that mainly employ cascaded stimulated Raman scattering ͑SRS͒ 2,3 or FWM. 4 Such sources have been shown to operate in several spectral regions including the visible 2 and the near infrared. 3, 4 The recent interest in optical fiber telecommunications has further stimulated the development of nonlinearity-based fiber devices in the near infrared, several of which have started to see commercial deployment.
Although most nonlinearity-based fiber sources employ a single nonlinear effect to generate coherent light, increasingly researchers have begun to investigate the interplay between multiple nonlinear effects. 5, 6 In some cases, the combination of various nonlinearities can result in higher efficiencies and improved device performance. For example, in Ref. 6 it was shown that the combined use of stimulated Raman scattering and FWM in an optical fiber amplifier resulted in more efficient performance than would be obtained without the interaction between the nonlinearities.
In this letter, we describe a cw light source that is based on the combined effects of four-wave mixing and single-pass first-and second-order stimulated Raman scattering in a dispersion-shifted optical fiber. The source is shown to operate at 1664.7 nm with powers of up to 371 mW.
The experimental configuration of the 1664.7 nm fiber source is shown in Fig. 1 . The nonlinear medium consisted of 9 km of dispersion-shifted fiber ͑DSF͒. The DSF had a zero-dispersion wavelength of 1553.5 nm that was measured using the technique described in Ref. 7 . Two high-power fiber pump sources were combined by a wavelength-division multiplexing ͑WDM͒ coupler and used to generate the 1664.7-nm spectral component via nonlinear interactions in the fiber. One pump source was a cw 1454.6 nm, 0.8 nm 3 dB linewidth cascaded fiber Raman laser ͑FRL͒ that provided up to 0.9 W of power into the DSF. The second pump source consisted of a cw tunable filtered amplified spontaneous emission ͑ASE͒ source ͑FASES͒ based on a series of erbium-doped fiber amplifiers ͑EDFA͒ and tunable bandpass filters ͑TBPF͒. The FASES was tunable between 1536 and 1567 nm and provided up to 1.4 W of power into the DSF. Polarization controllers ͑PC͒ were used to optimize FWM in the DSF. The output signal was simultaneously analyzed in an optical spectrum analyzer ͑OSA͒ and a digital oscilloscope with a 100 ps rise-time photodetector using an optical coupler. Figure 2 shows spectra for the system under three different pump conditions, normalized to the peak power of the 1454.6 nm FRL line shown in Fig. 2͑a͒ . Figure 2͑a͒ illustrates the case in which only the 1454.6 nm FRL was used at an in-DSF power of 0.9 W. As can be seen, first-order SRS resulted in the generation of ASE over a wavelength range centered about 1554.6 nm. Figure 2͑b͒ shows the spectrum associated with only using the FASES tuned to a wavelength of 1551.7 nm with a post-coupler power of 0.7 W. Under these conditions, the FASES had a 3 dB linewidth of 2.6 nm and a secondary peak that is ϳ11 dB lower at a wavelength of 1560.7 nm. Notably, unlike the SRS ASE observed in APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 8 lower, more spectrally distributed FASES power combined with reduced OSA sensitivity at longer wavelengths, observed as a positively sloped background. Figure 2͑c͒ shows the case in which both pumps were used with the same experimental parameters as in Figs. 2͑a͒ and 2͑b͒. As can be seen, a clean spectral component was generated at 1664.7 nm that had an extinction ratio of ϳ43 dB, a 3 dB linewidth of 1.7 nm and an output power of 196 mW under optimized polarization conditions. Increasing the FASES power to 1.4 W in the DSF resulted in an output power of 371 mW and a slight increase in linewidth. It must be noted that the coupler used for dividing the light towards the OSA and oscilloscope had a transmission spectral slope. As a result, spectral components in the short wavelength region depicted in Fig. 2 are attenuated by approximately 5 dB more than their counterparts in the long wavelength region. It is clear that the generation of the 1664.7 nm spectral line is a direct consequence of the use of both the FRL and the FASES. In order to investigate the effect of various nonlinearities on the generation of this new line, the FASES was tuned and the resulting spectra observed. Figure 3 
In Fig. 3͑a͒ the FASES was tuned to a wavelength of 1535.6 nm. SRS and FWM between the FRL and the FASES gave rise to a number of spectral peaks. The 1627.2 nm peak corresponds to the wavelength-converted idler from FWM between the FRL and the FASES about the DSF zerodispersion wavelength described by
where FASES , FRL , and 1 are the angular frequencies of the FASES peak, FRL, and generated idler, respectively. The generated idler wavelength agrees with that predicted by Eq. ͑1͒ to within 1.0 nm. Another peak can be seen in Fig. 3͑a͒ 
where 0 and 2 are the angular frequencies corresponding to the zero-dispersion wavelength of the DSF and the generated 1664.7-nm line, respectively. ASE is the angular frequency within the FASES band that satisfies Eq. ͑2͒. The zero-dispersion wavelength predicted by Eq. ͑2͒ using the measured FRL and 1664.7 nm lines agrees with the measured zero-dispersion wavelength to within 0.9 nm. The FRL also provides amplification to the FASES through first-order SRS, as indicated by the amplified spontaneous emission in Fig. 2͑a͒ . The FASES in turn provides broadband first-order Raman gain encompassing both peaks generated by FWM shown in Fig. 3͑a͒ . In this case, the Raman gain was centered at 1647.0 nm and can be seen as an ASE peak in Fig. 3͑a͒ . Note the large FRL power depletion by ϳ25 dB due to SRS.
As the FASES peak is tuned to longer wavelengths, as shown in Figs. 3͑b͒ and 3͑c͒ for respective FASES wavelengths of 1542.2 and 1550.6 nm, the corresponding firstorder SRS gain peak moves to longer wavelengths. In addition, the idler, generated by the FWM process given by Eq. ͑1͒, is red-shifted. Note that the spectral shift for the FWM peak is larger than that for the SRS peak due to the factor of 2 in Eq. ͑1͒. As the FRL is not being tuned, the 1664.7 nm FWM peak is spectrally stationary as expected from Eq. ͑2͒. Fig. 3͑c͒ shows the case in which the FWM processes overlap and combine with first-and second-order SRS to generate a cw 1.7 nm 3 dB linewidth spectral line at 1664.7 nm. Note that as the FASES peak is not at zero dispersion, the two FWM processes do not completely overlap and consequently a short-wavelength spectral component is generated at 1450.3 nm, as can be seen in Fig. 2͑c͒ .
The 1664.7 nm line was analyzed exclusively in the time domain by reducing the pump light to less than 8% of the total output power through spectral filtering. A high standard deviation relative to the average output amplitude was observed, with values of 35% and 28% in the low and high output power cases, respectively. This high noise can be partially attributed to the temporal characteristics of the FRL that had a standard deviation to average amplitude ratio of 18%. The noise in the high power case is lower due to the increased influence of the cw FASES. Another cause of the temporal instability is believed to be the incoherent nature of the pump sources. The phase-matching process in FWM is strongly dependent on a stable phase relationship between the light waves. Incoherent sources have a small coherence time, which leads to parametric conversion that is temporally unstable and amplitude noise on the signal and idler. Due to the direct transfer of amplitude noise from the FRL, the contribution of each noise source could not be separately quantified in the experiment. Improved temporal performance would be expected, however, by substituting the FRL with a more stable coherent pump source. Nevertheless, a certain amount of amplitude noise would be expected in such a system due to the requirement of a broadband background for the FASES. This requirement could ultimately limit the application of this device to systems that do not require high temporal stability.
We have presented a cw fiber source operating at 1664.7 nm with a 3 dB linewidth of 1.7 nm and powers up to 371 mW. The source is generated by FWM and first-and secondorder SRS along a 9 km DSF involving two high-power pumps. Use of a different fiber would yield a different source wavelength while spectral tunability could be achieved by using a spectrally tunable short-wavelength pump. This simple and flexible technique could be used to produce compact medium-power devices with wide spectral coverage.
